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Abstract Global warming is leading to range shifts of
marine species, threatening the structure and functioning of
ecological communities and human populations that rely
on them. The largest changes are seen in biogeographic
transition zones, such as subtropical reef communities,
where species range shifts are already causing substantial
community reorganisation. This causes functional changes
in communities over subtropical latitudes, though a base-
line functional understanding remains elusive for many
taxa. One key marine taxon are molluscs, which provide
many ecosystem services, are important prey for fishes and
are also fisheries targets themselves, but remain largely
unstudied. Here, we examine the trait composition, func-
tional diversity, and functional redundancy of mollusc
assemblages along the tropical-to-temperate transition in
Japan (25 to 35 Northern latitude). Specifically, we use a
trait database of 88 mollusc species from 31 subtropical
reefs along the Pacific coast of Japan to show that trait
composition of mollusc assemblages changes continuously
along the latitudinal gradient. We discover that functional
diversity of mollusc assemblages decreases with increasing
latitude, a pattern associated with declines in functional
dispersion. Moreover, we find a clear distinction between
tropical and subtropical mollusc assemblages, with sub-
strate-attached, suspension feeding bivalves more abundant
in the tropics and free-living gastropod grazers more
prevalent at higher latitudes. Our trait-based evidence in
this study shows a contraction and almost complete shift in
the functioning of marine mollusc assemblages at biogeo-
graphic transition zones and our trait database facilitates
further study. Our findings provide evidence of the
changing taxonomic and functional composition of extant
mollusc communities with latitude, pointing to potential
pertinent changes and tropicalisation of these communities
with rapid ocean warming.
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The diversity of species and their traits are directly related
to ecosystem stability and ecological functioning (Hooper
et al. 2005; Hughes et al. 2017). Despite the considerable
ecosystem services provided by intact ecological functions,
such as nutrient cycling and food provisions (Song et al.
2014), such functions are substantially threatened by
anthropogenic pressures, including overexploitation and
degradation. In particular, coral reef ecosystems are sen-
tinel systems for global ecosystem collapse (Bland et al.
2017) and are already undergoing irreversible functional
shifts (Hughes et al. 2017). Habitat degradation, overex-
ploitation, and changes in climate regimes are causing
widespread species and community reorganisations and
declines in diversity (Wilson et al. 2010; Vergés et al.
2014). Localised extinctions of native species can lead to
the loss of important ecosystem functions such as food
provision (Micheli et al. 2014), and are projected for many
coral reef ecosystems (Pratchett et al. 2018). By contrast,
the alteration or expansion of species ranges into new
areas, such as high-latitude reefs, can introduce new
functions (e.g. provision of complex habitats by reef-
building corals) and potentially disrupt ecosystem structure
and functions (Vergés et al. 2014, 2019). Because of this,
evaluating changes in ecosystem function with trait-based
approaches is an important tool to help understand
ecosystem stability (Worm et al. 2006). Trait-based
approaches link directly to ecological functions (Mouillot
et al. 2013, 2014), and changes in functioning over time
can be better understood by considering current functional
differences over spatial gradients such as latitude. It is
plausible that different taxonomic groups provide different
functions in a given ecosystem and that they will vary in
their responses to environmental change. Currently, our
understanding of functioning on reefs is limited to corals
and reef fishes (e.g. Sommer et al. 2014; Mouillot et al.
2014). Considering the large diversity of organisms
inhabiting reef assemblages, there is a need to assess the
trait-based responses to environmental stressors for other
key taxa (Przeslawski et al. 2008).
A comprehensive understanding of functional relation-
ships in different systems and taxa is pivotal to predict and
manage the fate of ecosystems. Functional ecology aims to
understand the relationship between species diversity and
ecological functioning (Micheli et al. 2014; Mouillot et al.
2014) by considering the suite of species traits present in
different habitats. Species traits are typically defined as
physical, behavioural, biochemical, and phenological
characteristics that relate to species fitness (Laureto et al.
2015), and species with similar traits are expected to per-
form similar roles in ecosystems. Trait-based approaches
can therefore help us understand how changes in species
interactions and composition can lead to a loss of func-
tioning (Petchey and Gaston 2002; Dı́az et al. 2013; Madin
et al. 2016). Theoretically, if all functionally significant
traits are considered, and sufficient data are collected to
accurately characterise them, the functions of an ecosystem
can be estimated from the diversity of trait constituents
(Violle et al. 2007).
The nature of trait composition and functional diversity
can be estimated and explored using a range of summary
metrics. Functional diversity (FD) is a measure of the
diversity of traits in an ecosystem and has been used to
characterise community functional response to disturbance
(Mouillot et al. 2013; Rumm et al. 2018), and to evaluate
fish community functional response to protected areas
(Rincón-Dı́az et al. 2018). Other indices are used to
describe the distribution and range of traits in theoretical
trait space, which itself can be visualised using ordination
techniques (Cornwell et al. 2006; McWilliam et al. 2018).
The three fundamental metrics used to characterise this
space are functional richness, functional evenness, and
functional dispersion (Mason et al. 2005; Laliberté and
Legendre 2010). They attempt to capture the amount of
trait space occupied by the species in a community, the
distribution of traits within the trait space, and the vari-
ability and position of species trait groupings in trait space,
respectively. In practice, indices are selected in relation to
specific research questions (Mouillot et al. 2013) and when
combined have been used to identify functional measures
of communities. For example, functional redundancy
(Hubbell 2005) estimates the frequency of an expressed
trait in an ecosystem in relation to the number of species in
the habitat. A trait is considered redundant if it is expressed
by many species in a community. Theoretically, a redun-
dant function is more robust to species loss as the traits are
provided by multiple species (Rosenfeld 2002).
On coral reefs, fish (Mouillot et al. 2014) and coral
assemblages (McWilliam et al. 2018) typically show high
functional redundancy, except for regions with low coral
species richness. Significantly less work has been con-
ducted to understand the relationships between species
richness and functional redundancy on subtropical reefs.
Species assemblages are generally thought to be more
diverse in the tropics and less diverse in temperate regions
(Mittelbach et al. 2007; Appeltans et al. 2012) and to vary
along environmental gradients, such as a latitudinal gra-
dient (Rivadeneira et al. 2002). However, it is not known if
this is reflected in gradients of functional diversity and
redundancy along biogeographic transition zones.
Subtropical reefs represent distinct ecosystems at the
interface of temperate and tropical climates (Beger et al.
2014; Vergés et al. 2014, 2019). In these regions, highly
diverse communities comprise tropical, temperate and
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endemic species at the limits of their geographic distribu-
tion and environmental tolerances (Vroom and Braun
2010). The influence of climate change on the community
structure of these marginal ecosystems has already been
recorded as regimes of environmental conditions change
and disturbance becomes more pronounced (Suthers et al.
2011; Hobday and Lough 2011; Oliver et al. 2018; Kim
et al. 2019). At the community level, this leads to migra-
tion, high species turnover, population fluctuations (Mun-
day et al. 2008), and localised extinctions of marginal
species in response to stochastic stress events (Beger et al.
2014). The poleward expansion of tropical species (Bennett
et al. 2015) leads to their introduction to temperate
ecosystems, with varied ecosystem level and socioeco-
nomic implications (Madin et al. 2012). In fishes, large size
and high mobility along with pelagic spawning indicate a
greater potential for range expansion (Feary et al. 2014)
whereas environmental tolerances are important in zoox-
anthellate corals (Mizerek et al. 2016). An example of
range expansion comes from Tosa Bay, Japan (* 33
degrees North), where overgrazing of temperate seaweeds
by range-expanding tropical herbivorous fishes has resulted
in a shift away from temperate kelp-dominated to coral-
dominated systems (Vergés et al. 2014). Traits can also
play an important role in determining which species move
into higher latitude ecosystems. For example, on subtrop-
ical reefs in Australia, species traits such as size and
morphology influence the establishment potential of
zooxanthellate corals (Sommer et al. 2014; Mizerek et al.
2016) and of tropical fish vagrants on subtropical reefs
(Feary et al. 2014). However, trait-mediated responses of
other reef taxa are less well-known.
Trait and functional understanding of marine mollusc
assemblages is limited globally, though there is evidence
for contrasting trends in functional richness and functional
evenness with increasing latitude in marine bivalves (Edie
et al. 2018; Schumm et al. 2019). Molluscs play important
roles in the marine environment such as food and habitat
provision, predation, and grazing (Przeslawski et al. 2008).
Within the phylum Mollusca, Bivalvia and Gastropoda
show strong coupling with specific environmental condi-
tions and habitat types (Zuschin et al. 2001; Schoepf et al.
2010; Fredston-Hermann et al. 2013). Species richness of
some molluscs declines with increasing latitude (Roy et al.
2000), whilst other groups show no pattern (Miloslavich
et al. 2013), and in some cases patterns differ between
ocean basins (Valdovinos et al. 2003). Therefore, it is
likely that mollusc assemblages will show a significant
response to environmental changes on subtropical reefs.
Moreover, their short life spans and limited mobility
(Beauchard et al. 2017) make them ideal study species into
the effects of environmental change. The lack of functional
analyses of subtropical mollusc species currently hinders
our understanding of the functional roles of molluscs in the
context of current and near future range shifts. Addressing
this knowledge gap, we quantify functional characteristics
of mollusc species associated with subtropical coral com-
munities along a tropical-to-temperate gradient in Japan.
We consider a) whether trait composition and trait space
change across the subtropical/tropical transition zone fol-
lowing environmental cues; b) how mollusc functional
diversity metrics change along the latitudinal gradient; and
c) to what degree mollusc functional redundancy is pre-
dicted by species richness changes. This approach provides
insight to the functioning of mollusc communities within
and across subtropical transition zones, contributing to our
understanding of ecological function response to changes,
and forms a basis for continued collation of trait informa-
tion for marine molluscs.
Methods
We surveyed a total of 31 sites along the Pacific coast of
Japan in the summers of 2015 and 2016, ranging from *
24 to * 35 degrees Northern latitude (Fig. 1). The lati-
tudinal extent ranges from tropical to temperate climates
over * 10 degrees of latitude, a transition that is reflected
in the ecological communities (Yamano et al. 2001; Beger
et al. 2014). The tropical Ryukyu island chain in the south
provides sequential habitats across the latitudinal gradient
and is influenced by the northerly warm water Kuroshio
Current. The current itself acts as a vector for larval dis-
persal and species introduction, facilitating high connec-
tivity south to north (Yamano et al. 2011). The current
splits at approximately 30 degrees latitude at Yakushima
Island, and north from this point there is a distinct transi-
tion into subtropical ecosystems (Nakano 2004). A recent
analysis has demonstrated a lack of relevant mollusc data
in the region compared to more well-studied taxa such as
hard corals and fishes (Reimer et al. 2019).
Mollusc species abundance data were collected from
coral reefs and communities using visual sublittoral sur-
veys along 25 9 1 m belt transects with between 3 and 5
replicates per site, building on standard methods used to
quantify abundances for other reef taxa (Cinner et al.
2016). All analyses were conducted at the site-level with
means calculated across transects. Site depths ranged
between 6 and 10 metres, following the occurrence of coral
communities. The focus of this survey was on macro
mollusc species, which were identified to species level
where possible following Okutani (2000). Only molluscs
identified to species were included in the analyses to ensure
that traits were identified and treated at the same taxonomic
level. We calculated the mean richness and abundance of
mollusc species at each site.
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Environmental conditions at the study sites
The 31 study sites were grouped into clusters based on the
similarity of their environmental parameters to provide a
basis for functional comparison within and between the
clusters. Environmental conditions chosen to group the
sites related to coral survival due to the significant role
corals play in shaping communities. The variables used
were mean sea surface temperature (SST) (C), diffuse
light attenuation (m-1), pH, nitrate (mol m-3), phosphate
(mol m-3), and calcite (mol m-3). These data were
acquired from Bio-ORACLE at a spatial resolution of 5
arcminutes (Tyberghein et al. 2012; Assis et al. 2018). Sites
were a greater distance apart than the resolution of the
environmental data, allowing for a clear matching of
environmental variables to sites. An Euclidean distance
matrix was calculated for all sites based on standardised
environmental variables. Environmental conditions at the
sites were then plotted using non-metric multidimensional
scaling (nMDS) to visualise the differences and similarities
in environmental conditions among sites. Sites with similar
environmental conditions were assigned to the same clus-
ter—clusters were chosen based on visual interrogation of
a dendrogram.
Species diversity
To improve our understanding of the system, and to aid our
interpretation of the functional analyses, species richness
was explored over latitude. Linear and polynomial
regression analyses were used to investigate potential lat-
itudinal trends in mollusc species richness. We also
conducted a permutational analysis of variance (PERMA-
NOVA) (number of permutations = 999, p-values adjusted
to control false discovery rate (fdr)) using the ‘adonis’
function in the R package vegan version 2.5-6 (Oksanen
et al. 2019), comparing species composition among
ecoregions. This allowed statistical inference of turnover.
Sakurajima was not included as an ecoregion, as it is a
single site.
Species traits
We collated species traits data from online repositories,
primary literature and books. In particular, ‘Marine mol-
lusks in Japan’ (Okutani 2000) was referred to as it offered
trait information specific to Japan. Traits from sources
geographically close to Japan were included preferentially
where possible to reduce the influence of plasticity of trait
expression. This method was also used when species
showed an affinity for multiple trait categories, for exam-
ple, living on both sand and rock habitats. We chose seven
traits to capture the ecological and functional relationships
along the transition zone, such as traits linked to dispersal,
trophic position, and habitat use. The number of traits
included in the analyses were enough to minimise artificial
functional redundancy that could arise from using too few
traits, whilst also preventing excessive uniqueness of trait
combinations caused by too many traits (Laureto et al.
2015). Trait classes represented biological, behavioural,
and physiological features of species, and included two
























































Fig. 1 Environmental regimes in the study region along the west
Pacific coast of Japan, showing a) a multidimensional scaling plot of
environmental factors distinguishing five environmental climate
regions (arrows indicate environmental variables that contribute to
differences among sites), and b) the position of 31 study sites in the
climate regions with typical coral reef or coral community habitat
where molluscs were recorded
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• Maximum depth (numerical): This trait reflects
species affinity to deep or shallow areas. It correlates
with many other environmental variables and can be
viewed as a proxy of a species’ tolerance for temper-
ature and physiological effects of pressure. Variation in
depth ranges may also influence species responses to
temperature changes. Even though we sampled all
species at shallow reef sites of similar depths, we
assume that species can survive up to the maximum
depth recorded in the trait database.
• Feeding (categorical): This trait captures a species’
main food source that determines its trophic level,
discriminating predators, grazers, deposit feeders, and
filter/suspension feeders. General feeding modes are
used here to inclusively represent the diverse feeding of
molluscs. The difference between feeding styles in
temperate and tropical gastropod species has been
shown to be distinct (Valentine et al. 2002), and the
presence and absence of feeding modes can also reflect
the availability of food resources in a habitat.
• Habitat preference (categorical): This trait records the
physical environment the species predominantly inhab-
its. It indicates the substrate type and associated
environmental conditions such as energy levels and
exposure that a species typically occupies. The trait
levels are coral, mud, rock, and sand habitat preference.
• Mobility (categorical): Mollusc species exhibit vastly
different mobility—this is captured in a binary repre-
sentation trait of mobile and sessile taxa. A species’
mobility conveys its role in an ecosystem for energy
transmission (Hyndes et al. 2014), and can influence its
response to disturbance (Tillin et al. 2006).
• Position (categorical): This trait relates to how a
species utilises a habitat and its physical positioning
including burrowing, attached to substrate, and free-
living species. This trait can indicate the likely role a
species plays in a community and its sensitivity to
certain stressors such as dredging and specific fishing
practices (Buhl-Mortensen et al. 2015).
• Size (numerical): Is a fundamental trait often used in
trait studies (Paganelli et al. 2012; Ramı́rez-Ortiz et al.
2017) that has been shown to play a strong role in
determining species’ responses to environmental
parameters (Feary et al. 2014). Molluscs are diverse
in their morphology, and to capture this in a single size
metric, length was chosen from posterior to anterior
where possible. A multidimensional metric could
provide a better representation of size, though currently
such data are not widely available.
• Shape (categorical): This trait relates to many ecolog-
ical factors, for example resistance to predation, ability
to withstand wave energy, and position in a habitat. The
shape trait takes the categories of conic, dorsoventrally
compressed, laterally compressed, fusiform, ovate,
turbinate, and vermiform. In this case, no distinction
was made between hard shelled organisms and soft
organisms (e.g. nudibranchs).
The traits chosen reflect not only ecological contexts,
but also data availability. Trait-based analyses of other taxa
usually include traits describing reproductive strategies
(e.g. spawning type, parental care (Darling et al. 2012;
Stuart-Smith et al. 2013; D’agata et al. 2014; Sommer et al.
2014; Mouillot et al. 2014), and behaviour [e.g. gregari-
ousness (Stuart-Smith et al. 2013)]. The inclusion of these
traits would be desirable, particularly those linked to dis-
persal capabilities (Blanco et al. 2019) that are particularly
important due to the high connectivity provided by the
Kuroshio Current (Yamano et al. 2011). However, we were
unable to include such traits because they are not well
known for the mollusc species sampled here.
Trait composition analysis
To examine trait compositional change over the subtropical
transition zone, we calculated community weighted means
(CWM) for each trait at each site using the R package FD
version 1.0-12 (Laliberté et al. 2014). For continuous traits,
community weighted means provides the average trait
score for all species in a community weighted by their
abundance; for categorical traits the metric provides
abundance of each trait level in a community (Lavorel et al.
2008). Community weighted means of each site were cal-
culated by combining the trait matrix and the site by spe-
cies abundance matrix. A Bray–Curtis dissimilarity matrix
was generated from the scaled community weighted means.
An nMDS plot based on this distance matrix was then
generated using the ‘metaMDS’ function in the R package
vegan to allow for the identification of differences among
sites based on trait composition. We also conducted a
PERMANOVA (number of permutations = 999, p-values
adjusted to control fdr) using the ‘adonis’ function to
compare trait composition between ecoregions. This anal-
ysis did not include Sakurajima as an ecoregion.
The direction cosine and r2 values for each of the trait
variables, environmental variables, and latitude were
extracted from the outputs of the function ‘envfit’ in R
package vegan and retained for nMDS axes 1 and 2. This
method was used to explore which traits drive differences
seen in the ordination and whether the differences could be
explained by latitudinal effects. Due to the number of traits
in the analysis, a permutation test was conducted on the r2
values to identify values that were unlikely to be observed
by chance. This one-tailed test uses 999 random permuta-
tions to estimate the chance of observing the r2 value if
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there were no correlation between the trait and the ordi-
nation (Wang et al. 2012; Oksanen 2015).
Trait space
To explore the changes in trait diversity over latitude we
used convex hulls (Cornwell et al. 2006; McWilliam et al.
2018). This approach identifies the spread of assemblages
within trait space through ordination, with the most
extreme values defining the vertices of the hull. A Gower
dissimilarity matrix was generated from the trait data and
used in a principal coordinate analysis (PCoA). To create
the global convex hull, all species in the dataset were
included in the analysis to represent the full trait space.
Regional hulls were then generated by subsetting the spe-
cies present at each ecoregion. Percentage occupancy of
each regional hull within the global hull was calculated by
dividing the area of each regional hull by the area of the
global hull, using the packages FD, ade4 version 1.7-13
(Dray and Dufour 2007), and sp version 1.4-1 (Pebesma
and Bivand 2005).
Functional indices
We calculated functional indices to quantify how mollusc
community functioning changes across the latitudinal gra-
dient. Following standard methodology, we generated
functional diversity indices with the FD package based on
two matrices—species abundance by site and trait by
species. As trait data included both continuous and cate-
gorical traits, we chose Gower distance to create the
underlying trait dissimilarity matrix. We calculated func-
tional diversity RaoQ, functional richness FRic, and func-
tional dispersion FDis as standard metrics to describe trait-
based functional patterns (Laliberté and Legendre 2010).
A Cailliez correction was applied to prevent negative
eigenvalues from being generated from the non-Euclidean
matrix. Rao’s Q is a functional diversity metric that con-
siders both trait abundance and difference between species
in a community (Botta-Dukát 2005). The two other metrics
used—functional richness and dispersion—act to break
down functional diversity into its component parts: func-
tional richness considers the abundance of traits by mea-
suring the trait space occupied by species in a community
(Villéger et al. 2008), functional dispersion considers the
difference between species in a community by estimating
the distribution of species in trait space in terms of dis-
persion or clustering (Villéger et al. 2008). Diversity was
not calculated for sites 14 (Yakushima, Yudomari) and 18
(Amami, Ankyaba) as each community had fewer than
three functionally unique species.
We used regression analyses to explore how these three
metrics change with latitude. A linear regression was first
used to model the data, then a polynomial regression was
used to test for the better fit of a curved line. Six models
were created to explore the effect of latitude on functional
diversity, functional richness, and functional dispersion.
The model that best fit the data was decided by comparing
the percentage of variability explained.
Functional redundancy
The degree of functional redundancy in the system was
explored by regressing functional richness against species
richness (Teichert et al. 2017). The level of functional
redundancy can be estimated from the shape of the
regression line. A linear association suggests that for each
increase in species richness there is a subsequent increase
in functional richness, signifying low functional redun-
dancy as each new species adds new traits (Teichert et al.
2017). A saturation curve suggests that at some level of
species richness, more species add redundant traits and
therefore do not contribute to increased functional richness
(Teichert et al. 2017).
Regression models were built to explore the relationship
between species richness and functional richness. A linear
and logarithmic model was generated, the model that best
fit the data was chosen based on the amount of variability
explained. The log regression was used to test for a satu-
ration of functional richness with increasing species rich-
ness that is indicative of functional redundancy. To provide
further support for the regression analysis, functional
redundancy was calculated for all sites using R package
SYNCSA version 1.3.3 (Debastiani and Pillar 2012).
Functional redundancy is calculated as the difference
between Rao’s Q and species diversity based on the
functional dissimilarity (Ricotta et al. 2016). The change in
functional redundancy with species richness was then
investigated using a linear regression.
Results
This study recorded the abundance, distribution and trait
information of 88 species of molluscs from 29 families
over 10 degrees of latitude along the Pacific coast of Japan.
The environmental conditions at the study sites sepa-
rated into five distinct clusters that were named to represent
their environmental regime (Table 1, Fig. 1). Calcite was
the only variable that did not correlate significantly with
the ordination (Table 2). Sites at lower latitudes were
characterised by higher SST and lower pH, nitrate, and
phosphate (Table 1, Fig. 1). Sakurajima (Site 2) showed
strong differences to all other sites, due to its high calcite
and light attenuation, and was thus categorised into a
separate cluster (cluster 5). Although this might have
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represented a data artefact arising from Sakurajima being
situated in an enclosed bay that distorts environmental
satellite data records, we believe that the island was
accurately singled out as different, as it is exposed to high
tidal and temperature fluctuations, and volcanism, leading
to a highly distinct environment (Ono et al. 2007). The five
clusters were then used to compare the functioning within
and among regions that are environmentally similar.
Trait composition analysis
Trait composition of mollusc assemblages separated
clearly along nMDS axis 1. Additionally, permutation tests
of the r2 values of each trait showed traits and environ-
mental variables that significantly correlated with the
ordination (Fig. 2, Table 3). We found a continuous
change of trait community composition associated with
latitude, with the low latitude sites generally showing lower
scores on the first axis than the higher latitude sites
(Fig. 2). This was supported by a positive direction cosine
and a significant r2 value for the latitude vector on axis 1
(Table 3). Indeed, axis 1 relates to changes in environ-
mental conditions and community structure over latitude,
as the clusters generally retained their latitudinal ranks. In
particular, subtropical and tropical clusters show clear
separation along axis 1, at approximately 30 degrees lati-
tude. Axis 2 corresponds to variation within site clusters,
particularly in cold tropical and subtropical clusters
(Fig. 2) driven by differences in mollusc shape, feeding
mode, and habitat preference (Fig. 2, Table 3). PERMA-
NOVA indicated significant differences in trait composi-
tion between tropical and cold tropical vs subtropical and
temperate ecoregions (Fig. 3).
Trait space
The first two axes generated from the PCoA of commu-
nities explained 64.1% of the variation in the data (axis
1 = 39.6%, axis 2 = 24.5%). The tropical hull occupied
41% of the global hull area, the cold tropical hull occupied
89%, and the subtropical hull occupied 87.7%. The tem-
perate hull occupied 7.3% and Sakurajima occupied 0.8%
of the global trait space (Fig. 3).
Species diversity
Both linear and polynomial regression analyses indicated
no trends in mollusc species richness over latitude (linear,
F = 3.48, df = 1, 29, p = 0.072, r2 = 0.11; polynomial,
F = 2.06, df = 2,28, p = 0.15, r2 = 0.13) (Fig. 4a). The
PERMANOVA analysis showed significant differences in
community composition between between tropical and
cold tropical vs subtropical and temperate ecoregions
(Supplementary material, Figure S1).
Functional diversity indices
Linear and polynomial models showed a significant nega-
tive relationship of functional diversity RaoQ with latitude,
Table 1 Environmental variables from five clusters of 31 sites with coral communities on the subtropical coast of Japan
Cluster name SST (C) pH Light attenuation (m-1) Calcite (mol m-3) Phosphate (mol m-3) Nitrate (mol m-3)
Temperate Mean 20.46 8.26 0.58060 0.00014 0.33059 1.39538
SD 0.01 0.01 0.34084 0.00005 0.05788 0.23725
Subtropical Mean 22.51 8.26 0.37300 0.00166 0.24877 0.75121
SD 0.33 0.01 0.33348 0.00309 0.01177 0.11354
Cold tropical Mean 24.63 8.25 -0.18092 0.00050 0.23032 0.28698
SD 0.37 0.01 0.19166 0.00093 0.01025 0.14871
Tropical Mean 26.32 8.23 -0.35412 0.00012 0.21899 0.05479
SD 0.03 0.01 0.09541 0.00004 0.00029 0.00284
Sakurajima 22.36 8.26 3.75660 0.00179 0.22344 0.70028
Table 2 Direction cosine, r2, and permutation test values for envi-
ronmental variables on MDS ordination, see Fig. 1. Asterisks indicate
significant r2 values from permutation test
Variable Axis 1 Axis 2 r2 P value
SST - 0.957 - 0.2883 0.9901 0.001*
pH 0.98662 0.16303 0.6368 0.001*
Light attenuation - 0.073558 - 0.99729 0.8212 0.001*
Calcite - 0.2515 - 0.96785 0.0741 0.269
Phosphate 0.70859 0.70563 0.7106 0.001*
Nitrate 0.87653 0.48134 0.9238 0.001*
The direction cosine scores on both axes shows which variables have
a positive or negative association. The r2 value shows the degree of
influence each variable has on the ordination. The permutation test
considers the probability of observing the r2 values by chance
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explaining * 34% and * 46% of variation in functional
diversity, respectively (Table 4). We retained the polyno-
mial model as a better representation of the data (Fig. 4b).
Both the linear and polynomial models indicated no sig-
nificant relationship of functional richness FRic with lati-
tude (Table 4).
The linear model of functional dispersion FDis indicated
a significant negative relationship with latitude, explain-
ing * 32% of variation (Table 4). The polynomial model
also showed a significant negative relationship of func-
tional dispersion with latitude, explaining * 49% of the
variation in the data, * 17% more than the linear model
(Table 4). Therefore, the polynomial model was selected as
a better fit (Fig. 4c).
Functional redundancy
The linear model showed a significant positive relationship
between species richness on functional richness (r2 = 0.15,
Table 5). The logarithmic model also showed a positive
effect with an asymptote at higher species richness,
explaining * 19% of the variability: * 4% more than the
linear model (Table 5). Therefore, the logarithmic model
was chosen as it explained more of the variability (Fig. 5).
Functional redundancy showed no significant relationship
with species richness (Table 5).
Discussion
Here, our results have shown that trait composition of coral
community associated mollusc assemblages along the
tropical-to-temperate transition in Japan varies continu-
ously with latitude. The functional diversity of communi-
ties decreases with latitude, in concert with loss in
functional dispersion, whereas gradients in functional
richness are independent of latitude. Although we find
some evidence for higher functional redundancy at higher
species richness, the variability in the relationship indicates
that species richness alone does not explain gradients in
functional redundancy.
The changes in trait composition recorded in our study
are generally continuous along latitudinal environmental
gradients (Fig. 2a, Table 3) and there is a distinct separa-
tion of subtropical and tropical regions (Fig. 2a). Com-
munities in these regions also occupy more of the trait
space than those in tropical and temperate regions (Fig. 3).
Further, communities in tropical and temperate regions
have distinct trait spaces. Species traits collectively define
functions (Violle et al. 2007; Laureto et al. 2015) and it is
likely that the ecological functions provided by mollusc
communities also change with latitude. Distribution pat-
terns, feeding strategies and substrate relations of molluscs
were found to be closely linked with habitat type in the Red
Sea (Zuschin et al. 2001). In our study, mollusc assem-
blages at temperate and subtropical sites were characterised
by species that are grazers, prefer rocky substrate, are free-
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Fig. 2 Multivariate description of mollusc assemblages associated
with coral communities at 31 sites based on their traits, with a)
showing the position of sites in mollusc trait space, indicating a
continuous change in trait composition with tropical and subtropical
clusters showing differentiation from subtropical and temperate
clusters, and b) showing factors that contribute most to differences




higher latitude sites, the availability of hard substrate is
more likely rock than coral (Nagai et al. 2011) and the
prevalence of macroalgae (Sommer et al. unpublished)
likely influences functional trait patterns in molluscs. Our
finding that species are free-living and conic, shows that
gastropod grazers are abundant at temperate and subtropi-
cal sites. Traits at tropical and cold tropical sites indicate a
prevalence of species that prefer coral substrate, are sus-
pension feeders, attached to substrate, and laterally com-
pressed (Fig. 2b). Species included here are large in size,
and include Pedum spondyloideum, Pinctada margari-
tifera, and Tridacna spp. This suggests tropical and cold
tropical sites are dominated by bivalves. This distinction is
reflected in trait space (Fig. 3) as species with higher val-
ues on axes 1 and 2 are bivalves. A conspicuous difference
between tropical and temperate ecoregions in trait space is
the prevalence of bivalve type species in the tropics, and
comparably fewer of such species in temperate regions.
This suggests that at tropical and cold tropical sites, large
bivalves contribute to the utilisation of waste organic
material and excess nutrients through suspension feeding
(Neo et al. 2015), thus contributing to nutrient recycling on
reefs. Large bivalves are also important ecosystem engi-
neers by increasing habitat heterogeneity (Neo et al. 2015).
At temperate and subtropical sites, gastropod herbivory is
likely to affect algal community composition and
Table 3 Direction cosine, r2,
and permutation test values for
trait variables and latitude on
MDS ordination in Fig. 2.
Asterisks indicate significant r2
values from permutation test
Variable Axis 1 Axis 2 r2 P value
Latitude 0.99888 0.047379 0.6558 0.001*
Environmental parameters
SST - 0.99618 0.087366 0.7138 0.001*
pH 0.9873 - 0.1584 0.6042 0.001*
Light attenuation 0.97108 0.23874 0.2632 0.005*
Calcite 0.98902 0.1478 0.088 0.276
Phosphate 0.49685 - 0.8678 0.4177 0.001*
Nitrate 0.7712 - 0.63655 0.6701 0.001*
Traits
Maximum depth - 0.73692 0.67598 0.1674 0.083
Feeding: Deposit feeder 0.3885 0.92145 0.1216 0.171
Feeding: Suspension feeder - 0.9135 - 0.4068 0.9754 0.001*
Feeding: Grazer 0.47577 - 0.87957 0.9111 0.001*
Feeding: Predator - 0.00281 0.99999 0.815 0.001*
Habitat preference: Coral - 0.92973 0.36824 0.9341 0.001*
Habitat preference: Mud 0.35806 - 0.9337 0.1134 0.129*
Habitat preference: Rock 0.90264 - 0.4304 0.9392 0.001*
Habitat preference: Sand 0.15766 0.98749 0.4458 0.001*
Sessile - 0.9135 - 0.4068 0.9754 0.001*
Mobile 0.9135 0.40684 0.9754 0.001*
Size - 0.96297 - 0.26962 0.7546 0.001*
Living habit: Attached substrate - 0.90085 - 0.43413 0.9749 0.001*
Living habit: Burrowing 0.1483 0.98894 0.0524 0.503
Living habit: Free living 0.9135 0.40684 0.9754 0.001*
Shape: Conic 0.55459 - 0.83212 0.8531 0.001*
Shape: Dorsoventrally compressed - 0.70617 - 0.70804 0.1222 0.15
Shape: Laterally compressed - 0.94341 - 0.33162 0.9132 0.001*
Shape: Fusiform 0.090441 0.9959 0.6697 0.001*
Shape: Ovate - 0.0354 0.9993 0.2421 0.019*
Shape: Turbinate 0.28366 0.95892 0.061 0.451
Shape: Vermiform - 0.27514 - 0.96141 0.0339 0.644
The direction cosine scores on both axes shows which variables have a positive or negative association. The
r2 value shows the degree of influence each variable has on the ordination. The permutation test considers
the probability of observing the r2 values by chance, with a significant result suggesting an r2 that is not
































































Fig. 3 Trait space of mollusc assemblages from coral communities
along the Pacific coast of Japan. PCoA is used to generate hulls of
mollusc species in trait space. The grey hull represents the full trait
space occupied by species in the dataset, then subset into ecoregions:
a) Tropical, b) Cold Tropical, c) Sakurajima, d) Subtropical, and e)
Temperate. f) shows significance of functional change across
ecoregions using Community Weigted Means, pairwise comparisons
with permutation MANOVAs are shown amongst ecoregions, with
Sakurajima removed

















































































































































Fig. 4 Changes of taxonomic and functional community indices of
mollusc assemblages in coral communities along the Pacific coast of
Japan with latitude, showing a) species richness, b) functional
diversity (Rao’s Q), and c) functional dispersion, with increasing




competitive balances which could influence the establish-
ment potential of corals (Hughes et al. 2007).
Multiple environmental variables change along marine
latitudinal gradients. Of these, SST has been shown to
strongly influence the palaeoecological marine mollusc
assemblages in Japan (Ogasawara 1994), and extant
assemblages over large spatial scales (Roy et al.
1998, 2000; Fernández et al. 2009). This effect was con-
firmed over our study region. However, the effect of many
other environmental variables is also strong (Table 3),
suggesting that mollusc assemblages are probably influ-
enced by multiple processes. It is also possible that mollusc
assemblages are not directly responding to environmental
drivers such as SST, but instead responding to the effects of
these variables on habitat-building taxa. For example, long-
and short-term SST variability and light availability
stongly influence distribution patterns in subtropical coral
assemblages (Muir et al. 2015; Sommer et al. 2018) and
scleractinian corals in turn influence ecosystem structure
(Graham and Nash 2013). It is thus plausible that over
relatively small scales, mollusc species that are strongly
associated with certain coral types respond to changes in
coral abundance. Therefore, variation in trait composition
of mollusc assemblages is likely governed by a combina-
tion of biotic and abiotic drivers. To investigate this, the
changes in trait composition of corals and other key taxa
need to be considered over the same sites to explore the
correlation between mollusc traits and other key taxa.
Of particular interest when considering trait composition
is the difference between tropical and subtropical regions
(Fig. 1), allowing us to understand how functioning of
mollusc communities could alter with continued climate
change. Our study shows a difference in trait composition
between tropical and subtropical regions (Fig. 2). Though
not directly quantified, the Kuroshio Current is likely to
play a substantial role in the observed difference in trait
composition between tropical and subtropical sites. The
Kuroshio Current shows a strong influence on marine
communities in the west Pacific through its effect on high-
latitude abiotic conditions (Yatsu et al. 2013) and dispersal
opportunities. The Kuroshio Current splits near the island
of Yakushima at around 30 degrees latitude into north-
easterly and northwesterly currents, causing significant
gradients in associated environmental conditions (Chen
et al. 2010). Reef accretion ceases at Yakushima (Veron
and Minchin 1992; Nakano 2004). This region of oceano-
graphic change coincides with strong gradients in mollusc
trait composition observed here, as well as the distinct
differences between tropical/cold tropical and subtropical/
temperate regions (Fig. 2). Western boundary currents,
such as the Kuroshio Current, are undergoing significant
changes in intensity and temperature in response to climate
change (Hobday and Lough 2011; Wu et al. 2012). It is
likely that the associated oceanographic changes will alter
Table 4 Linear and polynomial regression models used to describe
the relationships between latitude and functional diversity (RaoQ),
functional richness (FRic), and functional dispersion (FDis). Func-
tional indices derived from mollusc communities living in coral
communities along the subtropical coast of Japan
Model F df P value r2
Linear RaoQ 16.23 1, 28 0.0003897 0.3443
Linear FRic 2.127 1, 26 0.1567 0.04007
Linear FDis 18.17 1, 28 0.000206 0.3179
Polynomial RaoQ 13.1 2, 27 0.000105 0.455
Polynomial Fric 2.2569 2, 25 0.0966 0.1041
Polynomial FDis 15.05 2, 27 0.00004056 0.4922
Table 5 Linear and Logarithmic regression models used to describe
the relationships between species richness and functional richness
(FRic) and functional redundancy
Model F df P value r2
Functional richness linear 5.773 1, 26 0.0237 0.1502
Functional redundancy linear 2.218 1, 28 0.1476 0.0403
Functional richness log 7.164 1, 26 0.01271 0.1859
Diversity indices derived from marine mollusc communities living in







































Fig. 5 Changes of functional community indices of mollusc assem-
blages in coral communities along the Pacific coast of Japan with
species richness, showing functional richness modelled with a
logarithmic regression. Sites 2,13,14,18 are omitted here as they
support fewer than 3 functionally unique species
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ecosystem functioning along the tropical-to-temperate
transition zone in Japan under climate change.
Our data show a trend of decreasing functional diversity
of communities with increasing latitude (Fig. 4) over 10
degrees of latitude. Both functional diversity and functional
dispersion show variability within clusters and also around
the regression line. This variability suggests that factors
other than latitudinal environmental gradients influence the
functional diversity of mollusc assemblages. Valdovinos
et al. (2003) show the importance of local scale processes
in influencing mollusc diversity gradients. Similarly, we
infer that small-scale factors, such as habitat features and
associated small-scale variation in environmental condi-
tions, probably also play a role in driving the observed
patterns. For example, sites varied at small scales in their
physical characteristics, with some showing a steeper slope
profile, whilst others were more exposed. Local scale
habitat characteristics therefore likely affect the amount of
suitable habitat for mollusc species within an ecosystem,
and associated patterns in trait composition. The consid-
eration of small-scale habitat features in future work
therefore has the potential to further improve our under-
standing of ecological dynamics of mollusc assemblages
on these reefs.
Unlike previous studies on bivalves (Edie et al. 2018;
Schumm et al. 2019), gradients in functional richness were
not associated with latitude over the spatial scale of our
study. Instead, it is the difference between species in
communities that is associated with the changes in func-
tional diversity, as functional dispersion declines at sub-
tropical latitudes (Fig. 4c). It is expected that mollusc
communities at subtropical sites will experience higher
abiotic stress because communities are composed of trop-
ical and temperature species at the edges of their latitudinal
extents (Vroom and Braun 2010). Species similarity in
areas of high abiotic stress can be indicative of environ-
mental filtering—for example for high-latitude coral
assemblages (Sommer et al. 2014; Sommer et al. 2017).
Contrastingly, biotic interactions such as competition are
thought to have the opposite effect, driving species dif-
ferences (Cavender-Bares et al. 2004). Given the strong
role of abiotic processes at transition zones for corals
(Sommer et al. 2014, 2017; Mizerek et al., 2016) and the
greater declines in functional dispersion of mollusc
assemblages at subtropical sites in our study (Fig. 4b), it is
plausible that environmental filtering also plays an impor-
tant role in explaining the observed decrease in functional
dispersion of mollusc assemblages at higher latitudes.
In light of the patterns in functional diversity, functional
redundancy is important in buffering the functional sta-
bility of communities against species loss (Teichert et al.
2017). While our results show some evidence for func-
tional redundancy at sites with higher species richness
(Fig. 5), high variability suggests that our analyses do not
capture the full picture of functional redundancy change.
Evidence of functional redundancy is lacking for many
subtropical marine species and to our knowledge has not
been directly addressed in marine mollusc assemblages
(Schumm et al. 2019). Fishes are best studied and despite
reports of low functional redundancy for many systems
(Micheli and Halpern 2005), there is evidence of functional
redundancy in tropical assemblages (Mouillot et al. 2014).
Our results are an important first step to identify potential
redundancy in sites with higher species richness, but it is
apparent that species richness alone does not explain gra-
dients in functional redundancy.
Consideration of additional traits could further bolster
our understanding of the functioning of mollusc assem-
blages, particularly larval development information (Fer-
nández et al. 2009). The availability of mollusc traits was
limiting, because information such as reproductive mode
and larval duration were unavailable for many species.
Moreover, size and shape vary greatly among mollusc
species, such that for a tall but not long-shaped species,
height may be a more appropriate measure of size than
length. Where possible, length was used; however, in some
cases, length measurements were not available. Traits were
either categorical or continuous data formats, which in
each case allows for one value or category to be recorded
per species. Intra-species plasticity of traits is well docu-
mented in response to abiotic (Hollander et al. 2006) and
biotic (Bourdeau 2009) factors, and probably also occurs
for molluscs in Japan. For example, many of the species in
the dataset exhibit an affinity for multiple substrate types
and feeding modes. The methods used here do not allow for
consideration of trait plasticity, however fuzzy coding of
traits (Chevene et al. 1994) offers a promising alternative
to simple categorisation of traits by accounting for vari-
ability of traits expressed by species (Fiorentino et al.
2017). We did not use fuzzy coding here as it requires
accurately characterising the affinity of each species to
every trait level used: such detail is not currently available.
Functional diversity indices that incorporate fuzzy coded
data are available (Villéger et al. 2017), and testing lati-
tudinal functional change in mollusc communities that
accounts for trait plasticity would provide increased scope
for understanding and predicting community reassembly.
Understanding how ecosystems along the tropical-to-
temperate transition vary along spatial and environmental
gradients is a prerequisite to understanding how they
function and how they might respond to climate change.
This study considers the functioning of marine mollusc
assemblages at biogeographic transition zones and high-
lights their changing roles along the latitudinal gradient. In
particular, high abundance of substrate-attached, suspen-
sion feeding bivalves in the tropics points to their important
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role in nutrient cycling on coral reef ecosystems, while
high prevalence of free-living, gastropod grazers at tem-
perate and subtropical latitudes identifies molluscs as
important herbivores on subtropical reefs. Declines in
functional diversity with increasing latitude indicates a
simplification of mollusc assemblages at higher latitudes.
This study provides new insights for important taxa along
biogeographic transition zones and establishes important
baselines for future work. The strong biogeographic tran-
sition recorded in this study is linked to oceanographic
features in the region, highlighting the potential for sub-
stantial shifts in trait composition and functioning of sub-
tropical mollusc assemblages under climate change.
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